To study the impact of computerized physician order entry (CPOE) on selected neonatal intensive care unit (NICU) practices.
INTRODUCTION
Iatrogenic injuries, including those related to medication errors and ancillary procedure delays, are important problems among hospitalized patients. 1, 2 Most of the time, these adverse events can be prevented by a number of interventions, including computerized physician order entry (CPOE). [3] [4] [5] [6] [7] Although very few North American hospitals have or are in the process of implementing CPOE, 8 an emergent literature recognizes the dramatic impact that this new technology brings to health care. [5] [6] [7] 9, 10 CPOE offers complete and accurate information, automatic dose calculation, maximum dose checking and clinical decision support at the point of care, including drug -drug interaction and allergy checking as well as ordering supported by evidenced-based best practice. These features help ensure the equitable delivery of quality care, minimize human error, improve medication management, facilitate reporting, decision making and resource utilization, while offering timely access to information and facilitation of compliance supervision. 7 While experience with CPOE in adults is increasing, very little is known about its influence on clinical practices in neonatal intensive care units (NICU). [9] [10] [11] The purpose of this retrospective investigation is to study the impact of CPOE on selected NICU practices by comparing pre-and post-CPOE medication error rates and time intervals between initiation and completion of pharmacy and radiology orders.
METHODS
At The Ohio State University Medical Center, CPOE was introduced to selective services in February 2000 7, 12 and it was first implemented at the NICU in March 2002. We use a vendor-based system (Invision 24 with graphical use interface, Siemens Medical Solutions Health Services Corp., Malvern, PA) that has been extensively modified with vendor-provided tools to meet the needs of this pediatric population. The NICU-specific physician order sets were developed on evidence provided by best practices by a subcommittee that met regularly and is composed of information system specialists, neonatal pharmacist, staff nurses, nurse managers, attending neonatologists, and pediatric chief residents. After development, six admission or procedural-type order sets and 12 medication decision support sets designed specifically for neonatal use were approved by a hospital-wide multidisciplinary committee that oversees CPOE activities of different units.
Formalized training for all NICU staff and physicians began 4 weeks prior to implementation. Nursing leaders identified to provide support for clinicians received 16 hours of classroom training, while all other nursing and clerical staff received 8 hours of training. Every physician received 2 to 4 hours of individualized instruction prior to the initiation of his or her monthly rotation. In addition, during the implementation of CPOE, there was 24-hour support provided by information systems staff.
The CPOE system supports the ability of the clinician to write any order, consult, or requisition electronically. Orders are interfaced bidirectionally with our laboratory and radiology systems and unidirectionally with our dietary system. Orders are printed directly to pharmacy and other ancillary areas. Numerous clinical decision support tools are integrated into the ordering pathways. These include, but are not limited to, drug allergy, drug-drug interactions, order duplication, corollary orders, weight-based dosage, maximum dosage, and drug route restriction. In addition, simultaneously the order is evaluated through a clinical rules engine and appropriate alerts are triggered.
Pre-CPOE data were obtained retrospectively from medical records, while post-CPOE data were obtained electronically from the computerized lifetime patient record. Our NICU admits about 850 sick full-term and premature infants every year, but we chose for the study only very-low-birth-weight (VLBW) infants (birth weight r1500 g) born consecutively 6 months before and 6 months after the implementation of CPOE. These infants were selected due to their high morbidity and mortality and because timely radiology and pharmacy responses as well as accurate drug dosages are critical for their survival. It should be noted that since 1987 we have had a full-time perinatal clinical pharmacist dedicated to the NICU.
Medication Turn-Around Times
A medication event was defined as the completion of the entire cycle, from physician order (manual or electronic) through medication administration by the nurse. In this investigation, time when orders were received and entered into the system by the pharmacist and times for the preparation of the medication were not separately identified.
Since 1990, most medications given to neonates are stored at the NICU in a decentralized pharmacy dispensing system (Pyxis Consulting, Inc., Wellesley, MA). Thus, for the purpose of this investigation, we selected a medication that is dispensed by central pharmacy (caffeine citrate) and that is routinely administered with a loading dose.
Before March 2002, all physician orders were entered manually in the chart kept at the patient bedside. The nurse was notified of new orders via physician communication or flagging of the chart. Then, the nurse transcribed the order onto the medication administration record and placed a duplicate copy in a special bin for the pharmacy hourly collection. Since March 2002 (post-implementation of CPOE) the NICU physician enters orders directly into a computer available at the bedside that generates an immediate printout at the pharmacy. Whether in the pre-or post-CPOE period, once the pharmacists complete processing, medications are delivered to the unit on an hourly basis. Since the implementation of CPOE, new orders are presented to nursing electronically for documentation of drug administration. In addition, at the end of each nursing shift there is a computer-generated summary of all current pharmacy orders and their stage of completion.
Time from prescription to administration of caffeine loading dose to the patient was determined from hospital records. It was arbitrarily determined that the acceptable time for caffeine administration would be 2 to 3 hours; therefore, a percentage of patients who received the medication within that period was determined.
Prescription Medication Error
Common types of medication errors involve incorrect drug choice, incorrect dosage, route of administration, frequency, order illegibility, and nonstandard terminology. Among pediatric patients, especially newborns, the most common error is in dosage.
11 Thus, we studied dosages of gentamicin given empirically on admission to the NICU and later at the time of a suspected lateonset sepsis. On admission to the NICU, gentamicin is dosed according to birth weight at 5 mg/kg, but later, especially in VLBW infants where there are significant daily weight changes, it must be adjusted to actual weight and to postconceptional age. Upon selection of each medication, CPOE presents the prescribing physician with the weight verification screen, the recommended dose per kilogram of body weight, frequency of administration, and dose calculations.
Radiology Procedure Completion Time
At The Ohio State University Health Systems, since October 1997 a Picture Archive and Communication System (PACS Rev. 4.1, AGFA Corporation, Ridgefield Park, NJ) has been used. This system allows for the acquisition and storage of digital images from a variety of radiological modalities that can be displayed promptly after processing. We selected as the study-radiology procedure the first chest and abdominal X-ray taken of VLBW infants born consecutively before and after the implementation of CPOE. We focused on these infants because they often present with respiratory distress syndrome that requires endotracheal intubation for mechanical ventilation and placement of umbilical arterial catheters for blood gas monitoring. Urgent radiological evaluations of these placements are critical for management.
Procedure time sequence starts when the physician enters the order (manual or electronic), followed by the arrival of the radiology technician to the NICU. After the portable X-rays are taken, they are processed in the department of radiology (located on a different floor) and then entered in the computer for display on the twin screens at the NICU. At the time when the films are available for viewing, the radiology procedure is considered completed. In the pre-CPOE period, once the order was written the nurse or the unit secretary phoned radiology to request the X-rays. In the post-CPOE period, once the order is entered in the computer it is immediately relayed through an interface to the radiology computer system.
Statistical Analysis
Subgroups were formed for specific analysis. Descriptive summary of the data consisted of frequency counts, percentages, and mean and standard deviations (±SD). Unpaired t-tests were used for comparison of means, and w 2 tests of proportion were used for categorical variables. SAS statistical package (for Windows 6.12) was used (SAS Institute, Inc., Research Triangle, NC).
RESULTS
The study population was composed of 111 pre-CPOE and 100 post-CPOE VLBW infants (Table 1 ). These two groups were similar in mean birth weight (1050±297 and 1062±320 g), gestational age (29±3 and 29±3 weeks), gender and race distribution, and number of survivors (86 and 91%, respectively).
Medication Turn-Around Times
During the study period, there were 41 VLBW infants in the preand 48 VLBW infants in the post-CPOE periods who received a loading dose of caffeine. The turn-around times for the pre-and post-CPOE were 10.5±9.8 and 2.8±3.3 hours p<0.01, respectively (Figure 1a) . The number of infants in each group who received the medication before 2 and 3 hours increased significantly from preto post-CPOE (10 to 35% and 12 to 62%, respectively, Figure 1b) .
Prescription Medication Error
A total of 105 of 111 (95%) and 89 of 100 (89%) of pre-and post-CPOE VLBW infants received gentamicin on admission to the NICU. In the pre-CPOE period, there were 14 (13%) prescription dosage errors (prescribed dose >10% deviation from recommended dose), (Figure 2a ). Errors in dose calculations and dose rounding calculations were identified causes. In the post-CPOE period, no instances of medication errors were found due to physicians' awareness and to the CPOE design that provided recommended dose and frequency defaults, In all, 31 VLBW infants from pre-CPOE and 28 VLBW infants of the post-CPOE period experienced episodes of suspected late-onset sepsis. The average age when this occurred was 14±5 and 15±5 days for pre-and post-CPOE, respectively. Following blood cultures and pending results, empirical administration of gentamicin was initiated. There were two dosage errors (6%) among the 31 infants in the pre-CPOE, ( Figure 2B ) and none in the 28 patients in the post-CPOE.
Radiology Procedure Completion Time
Information regarding radiology procedure completion time was available from the records of 107 pre-and 99 post-CPOE infants. The indications for the initial X-ray were placement of umbilical arterial catheter (67 and 69%) and placement of the endotracheal tube (23 and 31%, respectively).
Time measurements from pre-and post-CPOE for this radiology procedure are displayed in Figure 3 . The times from physician order to arrival into the NICU by the radiology technicians were different (mean 28±13 and 17±12 minutes, p<0.001), those from arrival to completion were similar (14±18 and 15±12 minutes) and those from order to completion remained different (42±12 and 32±16 minutes, p<0.001).
Order to completion times for pre-and post-CPOE periods were also subdivided according to the time of the day when the order was written (day: 07:00 to 18:59, night: 19:00 to 06:59). Regardless of the study period, turn-around times between day and night were not different.
DISCUSSION
The 1999 Institute of Medicine report raised concern about the safety of hospitalized patients and, among other factors, identified medication errors as one of the most common causes. 1 Earlier studies noted that the most adverse events were complications of medication use 13 and advanced the notion that many of them could be preventable 14 and that specific improvements in medication ordering and processing might reduce the risk of error. 15 Some interventions, like the addition of a clinical pharmacist to an intensive care unit 16 and physician computer order entry, have already been demonstrated to be effective. 4, 6 It is known that providing drug treatment in the hospital setting requires a series of actions taken by several individuals (physicians, unit clerks, pharmacists, and nurses) and that in any step of this process errors may occur. The American Academy of Pediatrics encouraged institutions caring for children to implement multidisciplinary programs that should be part of the quality assurance and quality performance activities, and that, whenever possible, should incorporate computer-assisted drug ordering and monitoring. interaction checks, and provide reminders about corollary orders (i.e., order platelet count after heparin administration) or guidelines at the time of ordering.
2 CPOE reduces practice variation and promotes best practices and, if combined with decision support systems in adults and in pediatrics, is a powerful and effective tool for improving physician prescribing practices. 5, 7, 9, 10 It is clear, however, that CPOE is not a panacea and that further research should be conducted to compare various types of ''home-grown'' and commercially available systems. The degree of success of CPOE is closely linked to strength of the institutional commitment to the program and to the attitudes and responses of health professionals to the intensive education and training required. 17 Little information is available regarding the epidemiology of medication and adverse drug events in pediatric inpatient settings, [9] [10] [11] 18, 19 especially in NICU. Due to the absence of preprepared medications and the almost universal need for weightbased dosage, prescribing in pediatric patients as compared to adults involves more calculations. In neonates, many factors such as immature hepatic and renal function affect both the volume of distribution and clearance of different drugs, thus limiting their ability to handle medication dosing errors. Although medication errors among newborns seem to occur at a lower rate than in older children, the potential for adverse drug events is higher among neonates. 10 In light of the above, it is easy to recognize that developing CPOE and clinical support systems is more complicated for children than for adults.
This investigation quantitates the impact of CPOE on selected clinical practices in the NICU. Due to the limited experience with similar information technologies in NICUs, only a few complete studies, 9, 11 or preliminary reports in abstract form 18, 19 have been published. Previous studies have simultaneously compared nursing units with or without CPOE, or in some cases, established baselines prior to implementation. 4, 6 In this and in a previous investigation, 7 we have compared, in the same population, the effects of CPOE before and after implementation in the same nursing unit, thus eliminating other variables that may be present in different nursing units. The availability of a clinical pharmacist assigned full-time to our NICU positively impacted the quality of medication ordering in this population, even pre-CPOE. 16 It is presumed that without the intervention by our clinical pharmacist our observed calculation errors (13%) in the pre-CPOE period may have been significantly higher. Post-implementation of CPOE, all calculation errors were eliminated, thus supporting the premise that CPOE can further reduce medication-dosing mistakes. One should be aware, however, that designing and implementing effective CPOE (whether ''homegrown'' or vendor-based CPOE) with decision support is time consuming and difficult.
It has been reported that up to 30% of all hospitalized patients experience delays in their care. 20 These delays can be in part attributable to scheduling of diagnostic tests, pending laboratory results, and delays in medication administration. 21 Thus, information technologies that facilitate transmission of important patient data can potentially improve the quality of care. 22 Following the implementation of CPOE in adult units, we demonstrated reductions in the time between the order and administration of medications, the time for completion of radiology procedures, and the time for reporting the results of laboratory tests. 7 The present study confirms those observations in the NICU, at least with two selected targets, medications and radiology procedures. The availability of a full-time clinical pharmacist in our NICU has significantly decreased the turn-around time for commonly used medications (i.e., antibiotics, pressors, analgesics) even pre-CPOE. However, our data on the turn-around time for caffeine post-CPOE show that a marked improvement could be obtained by eliminating the intermediate steps between the physician medication order and the reception and dispensing of that order at the pharmacy. In addition, the constant reminders of newly issued orders provided to nursing through CPOE have improved the timely administration of medications. 7 We selected the first chest and abdominal X-ray in VLBW infants because of its diagnostic and therapeutic importance, and because it involves a procedure where timeliness is critical. Our results not only demonstrate that a significant decrease in turn-around time can be obtained, but also allows the examination of the different time components involved in the process. It is clear that the pre-CPOE delays occurred during the verbal requisition for X-rays from the NICU, and not during the taking or processing of the films. Furthermore, CPOE facilitates a comparison of turn-around times during days with those taken during nights. The similarities in turn-around times suggest that the allocation of manpower and resources according to time of the day in the department of radiology was adequate.
In summary, this study demonstrates the value of CPOE as a mechanism to decrease ancillary service response time and to improve efficiency and safe medication-ordering practices in the NICU population. Complexities of the patient population and environment require that CPOE be tailored specifically to address the urgency of treatment and narrow the therapeutic dosing index of medications.
